Intestinal epithelial (IEC-6) cells are resistant to apoptosis following the inhibition of ODC (ornithine decarboxylase) and subsequent polyamine depletion. The depletion of polyamines rapidly activates NF-κB (nuclear factor κB) and STAT3 (signal transducer and activator of transcription 3), which is responsible for the observed decrease in apoptosis. Since both NF-κB and STAT3 signalling pathways can be activated by Src kinase, we examined its role in the antiapoptotic response. Inhibition of ODC by DFMO (α-difluoromethylornithine) increased the activity of Src and ERK1/2 (extracellular-signal-regulated kinase 1/2) within 30 min, which was prevented by exogenous polyamines added to the DFMO-containing medium. Conversely, epidermal growth factor-mediated Src and ERK1/2 activation was not prevented by the addition of polyamines. Inhibition of Src with PP2 {4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d]pyrimidine} and a DN-Src (dominant-negative Src) construct prevented the activation of Akt, JAK (Janus kinase) and STAT3. Spontaneous apoptosis was increased in DN-Src-expressing cells and the protective effect of polyamine depletion was lost. Polyamine depletion by DFMO increased integrin β3 Tyr 785 phosphorylation. Cells plated on fibronectin had significantly higher β3 phosphorylation and Src activation compared with plastic. Exogenous polyamines added to the fibronectin matrix prevented Src activation. Arg-Gly-Asp-Ser inhibited β3, Src and Akt phosphorylation and sensitized polyamine-depleted cells to tumour necrosis factor α/cycloheximide-mediated apoptosis. Fibronectin activated Src and subsequently protected cells from apoptosis. Together, these results suggest that the inhibition of ODC rapidly removes a small pool of available polyamines triggering the activation of β3 integrin, which in turn activates Src. The subsequent Akt and JAK activation is accompanied by translocation of NF-κB and STAT3 to the nucleus and the synthesis of antiapoptotic proteins.
INTRODUCTION
Apoptosis is a genetically determined process of programmed cell death essential to controlling cell number in all replicating tissues, including those of developing embryos as well as those of adults. Our laboratory has been involved for some time in examining apoptosis in intestinal epithelial cells. We have studied this process in both mice and in a line of cultured intestinal epithelial cells (IEC-6), a non-transformed line derived from adult rat crypt cells [1] . The lining of the small intestine is one of the most rapidly turning over tissues in the body. Apoptosis is responsible for eliminating extra stem cells and, therefore, controlling cell number in the intestine [2, 3] . We have shown that the depletion of polyamines inhibits γ -radiation-induced apoptosis in intestinal epithelial cells of mice and in IEC-6 cells induced by radiation, camptothecin or TNFα (tumour necrosis factor α)/CHX (cycloheximide) [4] [5] [6] . Caspase activation and apoptosis occur via two major pathways. An extrinsic pathway, stimulated by TNFα, a pleiotropic cytokine, activated upon binding of ligand recruits and activates procaspase 8 [7] . In IEC-6 cells, polyamine depletion inhibits the activation of caspase 8 [6] . The second major pathway is the intrinsic or mitochondrial pathway, which results in the release of cytochrome c from mitochondria and the subsequent formation of an apoptosome with Apaf (apoptotic protease-activating factor) and procaspase 9 [7] . This results in the formation of active caspase 9, which in turn activates caspase 3. We have shown that polyamine depletion inhibits cytochrome c release, caspase 9 activation and its subsequent activation of caspase 3 [8] . Another group of proteins known as IAPs (inhibitors of apoptosis proteins) prevent apoptosis by directly inhibiting caspases [9] . The intracellular levels of the Bcl-2 (B-cell lymphocytic-leukaemia proto-oncogene 2) family proteins and IAPs are in large part determined by the activity of the antiapoptotic transcription factors, NF-κB (nuclear factor κB and STAT3 (signal transducer and activator of transcription 3) [10, 11] .
The polyamines, spermidine and spermine, and their precursor, putrescine, are found in virtually all cells of higher eukaryotes [12] and are intimately involved in, and required for, cell growth and proliferation [13, 14] . Intracellular polyamine levels are highly regulated and depend primarily on the activity of ODC (ornithine decarboxylase), which catalyses the first rate-limiting step in polyamine biosynthesis, the decarboxylation of ornithine to form the diamine putrescine [15] . The second rate-limiting enzyme, S-adenosylmethionine decarboxylase, forms S-adenosyl homocysteamine, which provides the propylamine groups to synthesize spermidine from putrescine and spermine from spermidine. We have used DFMO (α-difluoromethylornithine) to inhibit ODC and deplete cells of polyamines. DFMO is a specific and irreversible inhibitor of ODC, having no effects except those caused Abbreviations used: Bcl-2, B-cell lymphocytic-leukaemia proto-oncogene 2; CHX, cycloheximide; cIAP2, cellular inhibitor of apoptosis protein 2; FBS, fetal bovine serum; dFBS, dialysed FBS; DFMO, α-difluoromethylornithine; DMEM, Dulbecco's modified Eagle's medium; DN-Src, dominant-negative Src; DPBS, Dulbecco's PBS; ECL, enhanced chemiluminescence; ECM, extracellular matrix; EGF, epidermal growth factor; EGFR, EGF receptor; ERK, extracellular-signal-regulated kinase; FAK, focal adhesion kinase; IAP, inhibitor of apoptosis protein; JAK, Janus kinase; NF-κB, nuclear factor κB; ODC, ornithine decarboxylase; PARP, poly (ADP-ribose) polymerase; PI3K, phosphoinositide 3-kinase; PP2, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine; RGD, Arg-Gly-Asp; RGDS, Arg-Gly-Asp-Ser; SH3 domain, Src homology 3 domain; STAT3, signal transducer and activator of transcription 3; TBS, Tris-buffered saline; TNFα, tumour necrosis factor α. 1 To whom correspondence should be addressed (email ljohn@physio1.utmem.edu).
by the inhibition of ODC and the subsequent decrease in intracellular polyamines [15, 16] . This has been demonstrated in many experiments in which the inhibitory effects of DFMO on cell proliferation, migration and apoptosis have been prevented by the addition of exogenous polyamines [16] [17] [18] . It is unlikely that a decrease in polyamines activates these two signalling pathways independently of each other. Many surface receptors contain relatively short cytoplasmic domains and lack intrinsic catalytic activity. These domains possess binding sites for non-receptor tyrosine kinases such as Src [19] . Src kinases are activated by integrins, growth factor stimulation and a variety of G-protein-coupled receptors. Activation of Src prevents apoptosis and is a contributing factor to the development of many cancers. In hepatocytes, survival signals induced by TGF-β1 (transforming growth factor β1) are mediated by the Src induction of the Akt pathway [20] . Progestin induced Src activation of STAT3 via a JAK (Janus kinase)-dependent mechanism in breast cancer cells, and expression of a dominant-negative STAT3 inhibited tumour formation [21] . Activation of Src has been shown to prevent anoikis of intestinal epithelial cells by increasing the expression of Bcl-X L [22] .
Recent studies have demonstrated that integrin β cytoplasmic domains regulate integrin signalling through Src-family kinases [23] . Src-family kinases are activated downstream of integrins as well as downstream of other receptors, and they are required for integrin signalling [24] . c-Src was found to directly interact with the β3 integrin cytoplasmic domain and was involved in the initiation of outside-in signalling [23, 24] . Given the fact that Src kinases are involved in regulating multiple downstream targets of integrin [24] , including FAK (focal adhesion kinase), PI3K (phosphoinositide 3-kinase)/Akt and MAPK (mitogen-activated protein kinase), the role of polyamines in integrin-mediated Src activation could serve as a paradigm for polyamine-mediated signal transduction pathways. We, therefore, sought to understand the mechanism by which Src is activated following polyamine depletion. We have shown here that the inhibition of ODC by DFMO rapidly activates β3 integrin by phosphorylating it at Tyr 785 , which in turn activates Src in IEC-6 cells, and that this activation precedes that of Akt and STAT3. Furthermore, inhibition of Src either by PP2 {4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine}, DN-Src (dominant-negative Src) or integrin antagonists prevents the activation of these pathways and increases apoptosis in response to TNFα/CHX.
EXPERIMENTAL

Reagents, constructs and antibodies
Cell culture wares were purchased from Corning Glass Works (Corning, NY, U.S.A.). Media and other cell-culture reagents were obtained from Invitrogen (Carlsbad, CA, U.S.A. Cell culture IEC-6 cell stock was maintained in T-150 flasks in a humidified, 37
• C incubator in an atmosphere of 10 % CO 2 . The medium consisted of DMEM (Dulbecco's modified Eagle's medium) with 5 % (v/v) heat-inactivated FBS and 10 µg of insulin and 50 µg of gentamicin sulphate per ml. The stock flask was passaged weekly, fed three times per week, and passages 15-22 were used. To set up experiments, the cells were trypsinized with 0.05 % trypsin and 0.53 mM EDTA and counted by a Beckman Coulter counter (Model Z1). General methods for experiments using IEC-6 cells have already been described [5] . Unless otherwise stated, all experimental set-ups with IEC-6 cells involved a 4 day treatment in control, DFMO and DFMO plus putrescine-containing medium. For short-term DFMO treatment, IEC-6 cells were grown to confluence for 3 days, serum-starved for 24 h and incubated with DFMO-containing medium for the indicated time period. Briefly, IEC-6 cells were plated at 6.24 × 10 4 cells/cm 2 in DMEM/5 % dFBS (day 0) with or without 5 mM DFMO and DFMO plus 10 µM putrescine. The cells were fed on day 2. The cells were serum-starved with control, DFMO or DFMO plus putrescinecontaining medium for 24 h (on day 3). On day 4, experimental treatments were carried out in the respective serum-free medium and harvesting was performed. Polyamines were depleted by incubation in 5 mM DFMO at 37
• C. We have previously reported that maximal polyamine depletion occurs after 4 days of treatment with 5 mM DFMO [5] . Within 6 h of DFMO treatment, putrescine was undetectable, spermidine was absent after 24 h, and 40 % of spermine remained after 4 days. One group of cells was given exogenous putrescine (10 µM) in addition to DFMO. This group acted as a control to indicate that all results were due to the depletion of polyamines and not to DFMO itself.
Transfection
The method for transfection of IEC-6 cells has been previously described [17, 25] . Briefly, DN-Src and pUSE (vector) DNA were prepared using the Qiagen (endotoxin-free) plasmid preparation kit (Valencia, CA, U.S.A.). TM reagent was mixed with DNA (3 µl/2 µg) in serum-free medium, to a total volume of 100 ml and incubated for 30 min at room temperature (28 • C). IEC-6 cells at a relatively early passage were grown to 70-80 % confluence in 60 mm dishes. For transfection, the cell monolayer was rinsed with serum-free medium and the DNA/FuGENE-6 TM mixture was added dropwise on to the cell monolayers and incubated for a further 12 h at 37
• C. For generation of stable lines, the antibiotic-resistant clones were grown to confluence in T-75 flasks. Confluent cultures were trypsinized, and plated at very low density, allowed to form colonies and cloned using cloning cylinders. Selected clones were resistant to 400 µg/ml G418 (Geneticin) and each clone was characterized by Westernblot analysis with Src antibody and apoptosis studies.
Apoptosis studies
Cells were plated (day 0) at a density of 6.24 × 10 4 cells/cm 2 in DMEM/5 % dFBS with or without DFMO and DFMO plus putrescine, with triplicate samples for each group. Cells were fed on day 2. On day 3, the culture medium was removed and replaced with serum-free medium for another 24 h. On day 4, TNFα (20 ng/ml)/CHX (25 µg/ml) was added to the serum-free medium for 3 h, with the appropriate vehicle added to controls.
Quantitative DNA fragmentation ELISA Cells were grown in 24-well culture plates for DNA fragmentation ELISA as described previously [6, 25] . After treatment, floating cells were discarded and the attached cells were washed twice with DPBS (Dulbecco's PBS). Briefly, cells were lysed and centrifuged to remove the nuclei. An aliquot of the nuclei-free supernatant was placed in streptavidin-coated wells and incubated with antihistone-biotin antibody and anti-DNA peroxidase-conjugated antibody for 2 h at room temperature. After incubation, the sample was removed and the wells were washed three times with incubation buffer (ELISA kit; Roche). After the final wash was removed, 100 µl of the substrate, 2,2 -azino-di[3-ethylbenzthiazolin-sulphonate], was placed in the wells for 20 min at room temperature. The absorbance was read at 405 nm using a plate reader. Results were expressed as absorbance at 405 nm · min −1 · mg of protein −1 .
In vitro c-Src tyrosine kinase assay
Src activity was measured using an in vitro kinase assay kit from Upstate Biotechnology as described before [26] . Briefly, confluent IEC-6 monolayers were lysed in RIPA buffer containing 50 mM Tris/HCl (pH 7.4), 1 % Nonidet P40, 0.25 % sodium deoxycholate, 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM PMSF, 1 mM NaF, 1 mM Na 3 VO 4 and protease inhibitors. • C for 15 min. Reaction was stopped by keeping the reaction tubes in the ice bath. A 20 µl reaction aliquot was spotted on to P81 Whatman filter discs. Discs were washed three times in 0.75 % phosphoric acid. Radioactivity of air-dried discs was counted in a liquid-scintillation counter, Beckman LS500TA (Beckman Coulter, Fullerton, CA, U.S.A.). Activity was expressed as pmol of phosphate incorporated into substrate per minute and presented as units/mg of protein. Activity present in corresponding immune complexes prepared using preimmune mouse IgG was subtracted from the activity in anti-cSrc immune complexes. Data points were calculated and expressed as activity in units per mg of protein.
Western-blot analysis
Cell monolayers were washed with ice-cold DPBS and lysates were prepared as described earlier [27] . Supernatants (25-50 µg of protein) from cell extracts were trichloroacetic acid-precipitated and dissolved in 1× SDS sample buffer (62.5 mM Tris/HCl, pH 6.8, 25 % glycerol, 2 % SDS, 0.01 % Bromophenol Blue and 5 % 2-mercaptoethanol) for 5 min and separated by SDS/ 10-15 %-PAGE. Proteins were transferred overnight on to Immobilon-P membranes (Millipore, Bedford, MA, U.S.A.) and probed with the indicated antibodies overnight at 4
• C in TBS (Tris-buffered saline) buffer containing 0.1 % Tween 20 and 5 % (w/v) non-fat dry milk (blotting grade, Bio-Rad). BSA solution (5 %) in TBST buffer [10 mM Tris, 0.9% (w/v) NaCl and 0.1 % Tween 20 detergent with a final pH adjusted to 8.0] was used for blocking for Western blots with anti-phosphotyrosine antibody. Membranes were subsequently incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h and the immunocomplexes were visualized by the ECL detection system (PerkinElmer). Blots were stripped and probed with the indicated antibodies to determine equal loading of the samples.
Densitometry and statistical analysis
Quantification of Western blots was carried out using Image J 1.34s software (NIH, Bethesda, MD, U.S.A.) and expressed as percentage of untreated control as described earlier [25] . All data are expressed as means + − S.E.M. Experiments were repeated three times, with triplicate samples for each. ANOVA and appropriate post-hoc testing determined the significance of the differences between means. Values of P < 0.05 were regarded as significant.
RESULTS
Polyamine depletion and Src activation
Polyamine depletion stimulated Src Tyr 418 phosphorylation, and phosphorylation was prevented when cells were grown with DFMO plus exogenous putrescine ( Figure 1A ). Immunoprecipitation of Src followed by Western-blot analysis with phosphotyrosine antibody also showed increased levels of tyrosine-phosphorylated Src (results not shown). Additional in vitro c-Src kinase assays showed an activity of 29.27 + − 2.76 units/mg of protein in control cells, which increased to 72.36 + − 2.73 units/mg of protein in polyamine-depleted cells (P < 0.05; mean + − S.E.M., n = 6). Exogenous putrescine blocked the activation to 31.85 + − 3.04 units/mg of protein, which is similar to control cells. Src protein levels were the same in all three groups.
Src inactivation and apoptosis
Our earlier observations showed that significantly higher proportions of cells detached from plates with significant increases in caspase 3 activation after 6-9 h of treatment with TNFα/CHX [6] . We determined the level of Src p-Tyr 416 (active Src) during cell detachment and apoptosis ( Figure 1B) . Src p-Tyr 416 levels decreased significantly in response to TNFα/CHX compared with untreated cells in a time-dependent manner. Total Src protein also decreased with time, indicating progression of apoptosis and cleavage of Src protein by activated caspases (results not shown). Cells grown in the presence of 5 mM DFMO had increased Src p-Tyr 416 phosphorylation, which was sustained throughout the entire time course of TNFα/CHX treatment. Constant Src protein levels in polyamine-depleted cells indicate a lack of caspase activation due to the inhibition of apoptosis. The changes observed in cells incubated with DFMO plus exogenous putrescine were qualitatively identical with those in control cells ( Figure 1B) .
Inhibition of Src with PP2 increases apoptosis and prevents the activation of JAK, STAT3 and Akt
The pharmacological Src-family kinase inhibitor PP2 was used to block enzyme activity. PP2 is a widely used inhibitor of Src and has been shown to be effective in many cell types including colon cancer cell lines [28] , human colon cancer cells [29] and normal hepatocytes [30] . PP2 prevented the phosphorylation and activation of Src normally seen in the polyamine-depleted cells (results not shown). In control cells, PP2 significantly increased apoptosis over that produced by TNFα/CHX alone ( Figure 2A) . In control cells treated with TNFα/CHX, the inhibition of Src significantly increased DNA fragmentation over the amount seen (A) Serum-starved IEC-6 cells were pretreated with 20 µM PP2 for 1 h followed by TNFα/CHX for 3 h. DNA fragmentation was assayed as described above. *P < 0.005 compared with respective untreated group, **P < 0.005 compared with TNFα/CHX-treated group and †P < 0.005 compared with respective TNFα/CHX-treated control and DFMO plus putrescine grown cells (mean + − S.E.M., n = 6). (B) PP2 blocks JAK2, STAT3 and Akt phosphorylation. IEC-6 cells were pretreated with or without 20 µM PP2 for 1 h followed by TNFα/CHX treatment for 3 h. Western-blot analyses are shown using phospho-JAK2, phospho-STAT3 and phospho-Akt-specific antibodies. Representative blots from three independent observations are shown.
with TNFα/CHX alone. In cells grown in the presence of DFMO, the level of apoptosis in response to TNFα/CHX was significantly less compared with that seen in control cells, which is consistent with our previous observations [6, 25, 27] . In response to PP2 alone, apoptosis significantly increased to the level seen with TNFα/CHX plus PP2 in control cells. The inhibition of Src completely removed the protection from TNFα/CHX normally seen following polyamine depletion, for the level of apoptosis in the DFMO group in response to TNFα/CHX following inhibition with PP2 was increased over that seen in control cells after TNFα/CHX (Figure 2A ). Cells grown in the presence of DFMO plus putrescine had responses identical with control cells.
In polyamine-depleted cells, JAK2, STAT3 and Akt were constitutively active, while there was little or no activity in control cells ( Figure 2B ). TNFα/CHX activated JAK, STAT3 and Akt in control cells, and the activation of all three proteins was inhibited by PP2. In polyamine-depleted cells, TNFα/CHX increased the phosphorylation of the three proteins somewhat over constitutive levels, and PP2 significantly inhibited activation in each case ( Figure 2B) . In all groups, the levels of all three proteins remained relatively constant. The addition of putrescine prevented all the effects of DFMO (results not shown). 
Expression of DN-Src inhibits Src, prevents activation of JAK, STAT3 and Akt and increases apoptosis in polyamine-depleted IEC-6 cells
Cells expressing DN-Src had less phosphorylated and activated Src than those transfected with empty vector. Src protein was also increased in the DN-cells, for the Src antibody we used recognizes the recombinant as well as endogenous Src protein (results not shown). In cells transfected with empty vector, DNA fragmentation in response to TNFα/CHX in polyamine-depleted cells was approx. 25 % of that in control cells ( Figure 3A) . Spontaneous apoptosis was elevated significantly in cells with DNSrc, and the amount of apoptosis in response to TNFα/CHX was more than double when compared with that seen in the vector cells. In cells transfected with DN-Src, there was no protective effect of polyamine depletion, and the degrees of apoptosis in all three groups were approximately equal. We also monitored apoptosis by measuring the levels of active caspase 3 and cleaved PARP, a substrate for caspase 3 ( Figure 3B) . In control cells, TNFα/CHX caused the activation of caspase 3 and cleavage of PARP. These effects were enhanced in cells expressing DNSrc. Polyamine depletion prevented the increases in caspase 3 activity and its PARP cleavage product in vector cells. Both caspase 3 and its cleavage product were, however, induced by TNFα/CHX in DFMO-treated DN-Src-expressing cells. Cells incubated with putrescine and DFMO produced the same results as the control group ( Figure 3B ). Actin was used as a loading control and did not change (results not shown). Transfection with DN-Src mimicked the effects of PP2 on STAT3, JAK and Akt phosphorylation (see Supplementary material at http://www. biochemJ.org/bj/397/bj3970437add.htm). In each case, activation caused by DFMO and polyamine depletion was prevented in cells expressing DN-Src. These results together with PP2 results provide strong evidence that Src is responsible for the activation of JAK, STAT3 and Akt and the subsequent protection from apoptosis. This conclusion is further strengthened by the finding that DN-Src prevented DFMO-mediated increase in the levels of Bcl-2 protein as seen in empty vector-transfected cells ( Figure 3C ).
Effects of short-term treatment of DFMO on Src activation
Following 4 days of polyamine depletion, Src (Figure 1 ), STAT3 and NF-κB are constitutively active and contribute to the resistance to apoptosis in these cells [25, 27] . In our previous studies, both transcription factors were activated within 1 h of treatment with DFMO, and in both cases activation was prevented by the inclusion of an exogenous polyamine in the incubation medium along with DFMO [31, 32] . Thus activation is due to the decrease in free polyamines caused by abrupt cessation of ODC activity and polyamine synthesis. Since Src is known to activate STAT3 and NF-κB, we determined whether Src activation precedes the activation of these transcription factors following short-term treatment with DFMO. Figure 4 (A) depicts the time course for the activation of Src following DFMO treatment. The actual Src kinase activity increased significantly from 100 % in control cells to 189 + − 10.77 % at the 30 min time point of DFMO treatment and remained elevated for the 6 h duration of the study (P < 0.05; mean + − S.E.M., n = 6) ( Figure 4A ). Similar to our previous studies, addition of exogenous putrescine to the DFMOcontaining medium blocked DFMO-mediated Src kinase activity to 103.80 + − 1.48 % after 30 min treatment (results not shown). Pre-incubation with pharmacological Src kinase inhibitor PP2 completely blocked DFMO-mediated Src activation ( Figure 4C ). In order to determine other downstream signalling events of Src activation following short-term DFMO treatment, we investigated STAT3 and ERK1/2 activation. Activation of Src, STAT3 and ERK1/2 was followed by determining the levels of Tyr 418 , Tyr 705 and Thr 202 / Tyr 204 phosphorylation respectively. Src and ERK1/2 activation occurred within 30 min of the addition of DFMO, and preceded STAT3 activation at 1 h ( Figure 4B ). Similar to previous experimental results, total protein levels of Src, STAT3 and ERK1/2 remained unchanged throughout the entire duration of DFMO treatment (results not shown).
Src activation in response to EGF and DFMO
We compared the level of DFMO-mediated Src activation with EGF. Results presented in Figure 5 show Src p-Tyr 418 and ERK1/2 phosphorylation in confluent intestinal epithelial cells when treated with DFMO or EGF for 30 min. The extent of Src p-Tyr 418 phosphorylation was similar in both cases ( Figure 5A ). As with ERK1/2, EGF-mediated activation was higher when compared with DFMO treatment. Pretreatment with AG1478, a potent pharmacological inhibitor of EGFR kinase [33] , significantly blocked EGF-mediated Src activation but had no significant effect on the DFMO response. However, ERK1/2 phosphorylation induced by either DFMO or EGF was completely blocked by AG1478, indicating that inhibition of polyamine synthesis increases Src and ERK activity through different mechanisms.
Addition of exogenous polyamines blocked the activation of Src and ERK in response to DFMO but had no effect on EGF-mediated Src and ERK1/2 phosphorylation ( Figure 5B ). Our results indicate that exogenous polyamines can selectively block the effect of ODC inhibition but have no effect on EGF-mediated signalling.
Polyamines and integrin-mediated Src activation
Attachment of fibronectin and αvβ3 is known to stimulate phosphorylation of Src and FAK [24, 34] . Since DFMO activated Src, we wanted to evaluate the role of integrin signalling as an upstream event in Src activation. First, in order to determine the consequences of fibronectin and αvβ3 receptor interaction, we seeded IEC-6 cells on fibronectin-coated plates and compared the effect with those on plastic and cells in suspension. A significant increase in p-Tyr 785 β3 integrin and p-Tyr 418 Src phosphorylation was observed in cells seeded on fibronectin when compared with plastic or cells in suspension ( Figure 6A ). Addition of exogenous putrescine or spermine to the fibronectin matrix completely blocked β3 integrin and Src phosphorylation ( Figure 6A ). Total Src and β3 integrin protein levels did not change. Exogenous polyamines also decreased cell attachment on plastic and fibronectin-coated plates (results not shown). Polyamine depletion increased p-Tyr 785 β3 phosphorylation when compared with cells grown under control conditions ( Figure 6B ). Our results indicate that polyamines might interfere with integrin binding or clustering in response to ECM (extracellular matrix)-receptor interaction as 'outside-in signalling' or they could also prevent the recruitment of Src to the membrane and its subsequent phosphorylation induced by β3 integrin ('inside-out signalling').
A recent study shows Src kinase activation by direct interaction with cytoplasmic domain of integrin β3 [23] . Since integrin engagement by fibronectin activated Src, we tested Src activation in the presence of integrin receptor inhibitor RGDS peptide. Pre- Src and p-Ser 473 Akt activation in a dose-dependent manner (Figure 6C) . Total Src and Akt protein levels did not change during this treatment (results not shown). RGDS significantly increased apoptosis in a dose-dependent manner in the absence of TNFα/ CHX ( Figure 7A) . Pretreatment of the cells with RGDS further potentiated the apoptotic effect of TNFα/CHX. In cells grown in the presence of DFMO, the apoptosis observed with TNFα/CHX was significantly low, which is consistent with our previous observations [6, 25, 27] . RGDS inhibited Src activation and completely reversed the protective effect of DFMO, for the level of apoptosis was more than that observed in control cells treated with TNFα/CHX ( Figure 7B) . These results support a model of Src activation by β3 integrin in response to polyamine depletion and confirm the role of activated Src in protecting cells from apoptosis induced by TNFα/CHX. antibodies. Membranes were reprobed with β3-and β1-specific antibodies. (B) IEC-6 monolayers were treated with either DFMO or DFMO plus 10 µM putrescine (PUT) containing medium for 30 min, and equal amounts of proteins were immunoprecipitated (IP) with β3-specific antibody followed by Western-blot analysis (WB) with p-Tyr 785 β3 antibody. Membranes were reprobed with the integrin β3 antibody. Representative blots from three observations are shown. Densitometric analyses of Western blots were carried out as described in the Experimental section. (C) IEC-6 cells were grown on plastic-and fibronectin-coated plates for 24 h followed by serum starvation for 24 h prior to TNFα/CHX treatment for 3 h. DNA fragmentation was measured as described earlier. *P < 0.005 compared with TNFα/CHX-treated group (mean + − S.E.M., n = 6).
Polyamines, integrin β3 and apoptosis
Clustering of integrin receptors leads to phosphorylation of Tyr 785 on integrin β3 [35] . Polyamine depletion increased β3 Tyr 785 phosphorylation when compared with control cells ( Figure 8A ). However, β1 Ser 785 phosphorylation did not significantly change after polyamine depletion, indicating a specific role for polyamines in the activation of integrins ( Figure 8A ). Addition of exogenous putrescine to the DFMO medium prevented the increase in β3 integrin phosphorylation. No changes in β1 or β3 protein levels were observed after polyamine depletion. Since shortterm DFMO treatment increased Src activation, we examined whether β3 integrin was activated following inhibition of ODC activity. Similar to 4 days of polyamine depletion, treatment of cells with DFMO for 30 min increased β3 p-Tyr 785 levels compared with control cells ( Figure 8B ). Consistent with our results described in Figure 8(A) , addition of putrescine completely blocked DFMO-mediated increase in integrin phosphorylation ( Figure 8B ), indicating that loss of cellular putrescine immediately causes β3 phosphorylation, which in turn activates Src and thereby activates Akt and STAT3.
Src activation following 4 days DFMO treatment conferred protection from apoptosis. Inhibition of Src by PP2, a DNSrc construct or the integrin β3 antagonist RGDS, sensitized polyamine-depleted cells to apoptosis. Therefore Src activation by fibronectin should at least partly protect cells from apoptosis. Treatment of cells with fibronectin-coated plates significantly protected them from TNFα/CHX-induced apoptosis, indicating a role of activated integrin β3 and Src kinase in mediating cell survival ( Figure 8C ).
DISCUSSION
A wide range of stimuli that govern cell survival regulate signalling events which act through cell-surface receptors and transmit inward signals via tyrosine and serine/threonine kinases. Integrins, in their role as principal cellular receptors for the ECM, mediate cell adhesion and regulate cell morphology. The activation of v-Src [viral Src oncogene isolated from RSV (Rous sarcoma virus)] or Ha-Ras [family of retrovirus-associated DNA sequences (ras) originally isolated from Harvey murine sarcoma virus] or the integrin-mediated attachment to RGD (Arg-GlyAsp)-containing ligands, but not by soluble RGD peptides, suppressed anoikis [36] . Meredith et al. [37] showed that attachment to substrate without integrin engagement induced apoptosis, while integrin-mediated attachment led to cell survival. Integrinmediated survival signalling regulates several factors, including Bcl-2 family protein expression [38] and activation of PI3K/Akt [39] . Since activation of Src-mediated survival pathways in polyamine-depleted cells resembled integrin-mediated responses, and polyamines stabilized membrane structure, we predicted that polyamines might regulate membrane proximal integrin-mediated signalling events leading to the activation of Src and inhibition of apoptosis. The increased phosphorylation of β3 integrin and Src during attachment and the fact that fibronectin further increased their activation imply that the activation of integrin β3 might be responsible for the activation of Src in these cells ( Figure 6A ). Exogenous polyamines (putrescine and spermine) added to plates during attachment significantly prevented the activation of both integrin β3 and Src. The inhibition of integrin β3, Src and Akt activation by RGDS ( Figures 6B and 6C) , a soluble peptide derived from the integrin αvβ3 binding region of fibronectin, strongly suggests the involvement of integrins in the regulation of Src. RGDS peptide completely eliminated the protection conferred by the depletion of polyamines ( Figure 7A and 7B) . RGDS peptide induces apoptosis in human endothelial cells [40] and rat cardiomyocytes [41] . The interference with integrinmediated signalling by RGDS increased apoptosis in the absence of TNFα/CHX, indicating the significance of integrin-mediated adherence in cell survival.
The question remains as to how polyamine depletion activates Src. Src family members possess several protein domains. The N-terminal end of the molecule contains a membrane-targeting signal, which is followed in order by a unique sequence, SH3 (Src homology 3) and SH2 domains, the catalytic domain and a negative regulatory tail [42] . We found that short-term treatment with DFMO also elicited responses, which were similar to those reported for the polyamine-depleted cells (4 day DFMO treatment) (Figures 2B and 4B) . We compared the responses of cells after short-term treatment with DFMO with growth factor (EGF) to ascertain that the DFMO-mediated effects are specific and are due to the modulation of polyamine levels. EGF-and DFMO-induced ERK activation can be blocked by EGFR tyrosine kinase inhibitor (AG1478). However, AG1478 could block EGFinduced Src activation but had no effect on DFMO-induced Src activation ( Figure 5A ). Furthermore, exogenous addition of putrescine, spermidine and spermine along with DFMO significantly decreased the activation of Src and ERKs but had no effect on EGF-induced activation of Src and ERKs ( Figure 5B ). Thus polyamines and EGF appear to induce Src activation through EGFR-independent and -dependent mechanisms respectively. Interestingly, these results indicate that EGFR activation is a consequence of polyamine depletion. Or else it suggests the transactivation of EGFR either directly by Src or by polyamine-sensitive membrane receptors. Arias-Salgado et al. [23] have shown that Src binds constitutively to β3 integrin via its SH3 domain and C-terminal cytoplasmic tail of the integrin. Clustering of β3 integrin activates Src in vivo, inducing phosphorylation of Tyr 418 [23] . In polyamine-depleted cells, integrin β3 is clustered, which recruits and activates c-Src kinase and associates in a complex involving integrins and other adaptor proteins, leading to phosphorylation of the EGFR. Moro et al. [43] have shown that integrin-mediated adhesion requires a macromolecular complex involving c-Src and p130Cas and consequently leads to the activation of EGFR. Polyamines could directly prevent integrin clustering leading to inhibition of EGFR phosphorylation or could inhibit the adhesion-dependent macromolecular complex involving the cytoplasmic tail of integrin and Src required for the phosphorylation of the EGFR.
The interactions of polyamines with proteins are numerous and of profound importance; for instance, they bind to a great variety of receptors [44] . Polyamines also stabilize the secondary and the tertiary structures of macromolecules by electrostatic interactions. In addition, they induce conformational changes and thereby preserve or alter physical and biological properties of proteins and polyanionic molecules. Besides the formation of ionic bonds, polyamines are also functionally active in programmed cell death. Spermine prevents endonuclease activation by stabilizing it in an inactive conformation [45] . Putrescine, spermidine and spermine contain two, three and four amine groups respectively. These amine groups have pK values above 9 and are almost completely protonated at physiological pH. As such, polyamines bind strongly to negatively charged molecules, particularly proteins and nucleic acids. Since the cations in polyamines are not point charges, but are fixed along a flexible carbon chain, they are able to interact with macromolecules in structurally specific ways [46] . Polyamines could, theoretically, interact directly with Src keeping it in the inactive state or, on the other hand, could act to prevent integrin clustering. Polyamine depletion for 4 days or short-term (30 min) DFMO treatment increased β3 Tyr 785 phosphorylation, whereas phosphorylation of integrin β1 was unaltered ( Figures 8A  and 8B ). Increased β3 integrin phosphorylation could recruit Src kinase to the membrane and enhance integrin-Src association in polyamine-depleted cells. Taken together, it appears that polyamines might modulate Src-mediated survival through β3 integrin in IEC-6 cells.
Of particular interest was the activation of Src within 30 min of treating cells with DFMO ( Figures 4A and 4B ). This requires revisiting the concept of 'polyamine depletion'. In IEC-6 cells, putrescine is reduced approx. 50 % 1 h after administering DFMO and reaches undetectable levels by 6 h. Spermidine and spermine do not begin to decline until 6 h. Spermidine is undetectable at 48 h, and spermine is only reduced by 60 % by 4 days [5] . These results indicate that Src activation is not caused by a general depletion of polyamines. Instead, we believe that there is only a small pool of free or available polyamines within the cell. This pool, consisting primarily of putrescine, is rapidly converted into spermidine and depleted following the inhibition of ODC. Since almost all intracellular polyamines must be bound and unavailable for biological processes, the depletion of free polyamines and those in equilibrium with it is sensed rapidly by the cell. This view of maintaining cellular polyamine equilibrium is supported by the finding that ODC activity reaches a peak within 2-4 h of treating cells with serum or growth factors [47] . It is obvious that cellular polyamines are not available to participate in the proliferative response and new ones must be synthesized.
Our results present evidence that DFMO and subsequent polyamine depletion activate Src which in turn results in the inhibition of apoptosis by inducing Akt and JAK activity and the subsequent activation of the transcription factors NF-κB and STAT3 respectively. Previous work showed that NF-κB DNA-binding activity increased within 1 h after treating IEC-6 cells with DFMO [31] . We have recently shown that the protection from apoptosis by activated Akt in polyamine-depleted cells is dependent on the nuclear translocation and activation of NF-κB [27] .
In the present study, STAT3 was phosphorylated on Tyr 705 and activated within l h of treatment with DFMO. Src activation preceded the activation observed for STAT3 ( Figures 4A and  4B ) and reported for NF-κB [31] . In previous studies, we found that inhibition of ODC rapidly induced STAT3 activation [32] . Inhibition of STAT3 increased the sensitivity of polyaminedepleted cells to apoptosis [25] . Src remained constitutively activated in the presence of DFMO as evidenced by tyrosine phosphorylation and kinase activity ( Figure 1A ). These responses were prevented by exogenous polyamines ( Figure 1A ). Src kinases play central roles in regulating cell survival [20] [21] [22] , and the survival signals are usually mediated through the Akt-NF-κB or STAT3 pathways [20, 21] . In intestinal epithelial cells and colon cancer cells, for example, increased activity of Src has been shown to delay anoikis [22, 28] . Inhibition of Src reduced STAT3 activity and induced apoptosis of human non-small cell carcinoma cells [48] . We found that the inhibition of Src either with PP2 or cells expressing DN-Src increased apoptosis of control cells both in the absence and presence of TNFα/CHX and prevented the protective effect of polyamine depletion (Figures 2A and  3A) . TNFα/CHX simultaneously activates pro-and anti-apoptotic pathways; however, the presence of CHX prevents synthesis of short-lived antiapoptotic proteins such as cIAP2 (cellular inhibitor of apoptosis protein 2) and Bcl-2 and enhances proapoptotic signalling. Polyamine-depleted cells already had increased levels of Bcl-2 and cIAP2 due to sustained activation of Akt-mediated NF-κB and STAT3 prior to TNFα/CHX treatment [25, 27] . Thus the initial survival response to TNFα/CHX treatment activated Akt and STAT3, which gradually decreased in a time-dependent manner in control cells, leading to apoptosis [25, 27] . In the same experiment, both PP2-and DN-Src-expressing cells decreased the activation of JAK, STAT3 and Akt in control cells and prevented their activation in polyamine-depleted cells ( Figure 2B and Supplementary material). Although polyamine-depleted DNSrc cells had DNA fragmentation equivalent to control DN-Src cells, caspase 3 activation was significantly lower in these cells ( Figure 3B ). Increased DNA fragmentation observed in polyamine-depleted DN-Src cells may result from the activation of both caspase 3 and caspase 6 in these cells [6] . Bcl-2 protein increased in vector cells that were incubated with DFMO, and this increase was totally prevented in the DN-Src-transfected cells ( Figure 3C ). Thus these results established that Src is activated by DFMO and subsequent polyamine depletion and that it accounts for the resistance to apoptosis seen in polyaminedepleted intestinal epithelial cell by activating the JAK-STAT3 and Akt-NF-κB pathways.
In conclusion, the results presented show that the polyamines regulate integrin β3-dependent activation of Src by its phosphorylation at Tyr 418 and that it in turn activates the Akt-NF-κB and the JAK-STAT3 signalling pathways. These transcription factors direct the synthesis of proteins that increase the resistance of polyamine-depleted cells to apoptosis.
